Introduction
Infected abdominal aortic aneurysms are rare, but the symptoms are prone to become severe during the clinical course, and the prognosis is poor, with a high rate of rupture [1] . There are 2 objectives in the treatment of infected aortic aneurysms: prevention of aneurysm rupture and infection control. However, it is not easy to achieve both. No guideline has been established yet, and many issues such as diagnostic method, the method of administering antibiotics before and after operation, timing of the operation, and operative procedure remain to be improved. Regarding operative procedures, approaches such as the use of a rifampicin-soaked prosthetic graft, covering the prosthetic graft with the greater omentum, and anatomical reconstruction have been reported in recent years [1] . Nevertheless, postoperative infection control is never easy, and the treatment results of infected aneurysms are still unsatisfactory. Therefore, we have devised a treatment policy to control local infection in a stricter manner by introducing the pulse-irrigation method that uses a pulsatile irrigation device and a temporary abdominal wall closure method that uses the vacuum-assisted closure (VAC) technique in patients with strong intraperitoneal contamination in addition to conventional operative procedures. In this study, we retrospectively verified the usefulness of our unique treatment strategy featuring the addition of these 2 new ideas using the treatment results of infected abdominal aortic aneurysms from the past 10 years. The subjects were 10 men and 2 women who were 52-84 years of age (mean, 67.1 ± 8.9 years) ( Table 1 ). In accordance with a report by Hsu et al. [2] , patients with abdominal aortic aneurysm were diagnosed with infected abdominal aortic aneurysm when they exhibited physical symptoms such as abdominal pain and back pain, inflammatory findings such as fever and increased white blood cell count and C-reactive protein (CRP), rapid enlargement of the aneurysm by contrast-enhanced computed tomography (CT), formation of pseudo-, saccular, or lobular aneurysms, or periaortic stranding [3] . For patients whose diagnoses were difficult, fluorodeoxyglucose-positron emission tomography/CT (FDG-PET/CT) was performed to aid diagnosis. The basic treatment policy dictated that patients were considered to have infected aortic aneurysm if they had any of the abovementioned physical symptoms, inflammatory findings, or CT findings in addition to the presence of an aneurysm, following which treatment with antibiotics was immediately started, and surgical procedures were performed after the inflammatory findings improved, in principle. On the other hand, emergency surgery was selected for patients who continued to exhibit symptoms or inflammato-ry findings even after antibiotic treatment, or who were suspected of having aneurysm rupture or impending rupture.
In principle, the operative procedure involved the following 5 steps.
1.
Total resection of the aneurysm wall and surrounding infected tissue by laparotomy;
2. sufficient pulse irrigation with 10 L or more saline using a pulsatile irrigation device (SurgiLav® Plus Irrigation System, Stryker);
3. anatomical reconstruction using a gelatin-coated Dacron graft (Gelweave TM , Terumo) soaked in 0.5% rifampicin (Sandoz) [4] ; and 4. covering the prosthetic graft with the pedicled omental flap. Furthermore,
5.
for patients with severe intraperitoneal contamination, temporary abdominal wall closure using the VAC technique was performed. In this study, the amounts of bacteria in the operative fields were measured before and after the pulse irrigation and were used to verify the efficacy of the pulse-irrigation method. More specifically, the operative surface was wiped with sterilized cotton swabs before resection of the aneurysm wall and surrounding tissue, and was wiped with sterilized cotton swabs again after resection and irrigation. We then performed bacteria culture tests using these sterilized cotton swabs as samples. Regarding temporary abdominal wall closure using the VAC technique after abdominal aortic aneurysm resection, others and we have reported its use in preventing abdominal compartment syndrome in patients with non-infected aneurysm rupture [5] [6] [7] . Pursuant to our previous method [7] , we performed temporary abdomi-nal wall closure using the VAC technique to drain infectious peritoneal effusion. More specifically, a vinyl chloride sheet with slits of ca. 2-cm long at 1-to 2-cm intervals was placed directly in the abdominal cavity, after which sterilized polyurethane foam sponges were placed over the sheet and a drainage tube was placed on them, which was again covered with sponges and draped (Ioban™ 2 Special Incise Draip, 3M Healthcare) (Figure 1 ). The drainage tube was continuously suctioned using 140-150 mmHg suction pressure. The sponges were changed every 2 days, and secondary abdominal wall closure was performed after negative bacteria cultures of these sponges were confirmed twice.
After the operation, antibiotics were administered until inflammatory findings became negative. Even in early disappearance of inflammatory findings, intravenous injection was administered for a minimum of 14 days, in principle, followed by a minimum 14-day oral administration.
Results
The physical symptoms observed at the time of hospital visit were 11 cases of fever, 9 cases of abdominal pain or back pain, and 1 case of diarrhea (Table 1 ). All but 1 patient exhibited high CRP values. For risk factors of infection, 2 patients had untreated diabetes, 2 patients had alcoholic liver cirrhosis, 1 patient was malnourished, 1 patient had cancer, and 1 patient was undergoing steroid therapy. Blood cultures were performed for all but 1 patient, and only 2 patients (18%) were positive ( Table 2 ). The possible source of infection was identified in 6 patients: fasciitis of the leg, intraperitoneal abscess, radicular abscess, bacterial endocarditis, bacterial enteritis, and multiple iliopsoas abscesses with infectious spondylitis. Contrast-enhanced CT revealed rupture in 2 patients, while 8 patients had saccular or lobular aneurysms. Of these, 7 had increased tissue concentration surrounding the aneurysm (periaortic stranding) ( Figure 2 ). Two patients had their CT images captured multiple times during the course, and rapid enlargement of the aneurysm was observed in both. As a result of the FDG-PET/CT being performed in 4 patients, their maximum standard uptake value (SUVmax) was found to exceed 5.0, proving that FDG-PET/CT is useful in aiding the diagnosis of infected aortic aneurysm ( Figure 3 ). Regarding operation timing, 4 patients were each diagnosed with rupture or impending rupture, and they underwent emergency surgery (Table 3) . Three patients who maintained their physical conditions without improvement underwent urgent surgery, and the remaining 5 patients underwent elective surgery after the inflammatory symptoms improved. The mean period from admission to surgery was 8.9 ± 14.3 days (0-48 days). Aortic Aneurysm -Recent Advances Figure 5 . Pulse irrigation using the pulsatile irrigation device. A, SurgiLav® Plus Irrigation System (Stryker), comprising a handpiece assembly with irrigation tubing and a multi-orifice tip with soft cone splash shield. B and C, Operative photographs demonstrating the use of the pulsatile irrigation device, which enables users to clean contaminated areas using high-pressure pulsatile lavage. White dotted line indicates the area from which the aneurysm wall and surrounding infected tissue have been removed.
Regarding operative procedure, infected tissue, including the aneurysm wall, was wholly removed from all patients ( Figure 4A ), and followed by pulse irrigation using the pulsatile irrigation device ( Figure 5 ) and anatomical reconstruction ( Figure 4B ). Regarding the grafts, rifampicin-soaked grafts were used in 10 patients, whereas rifampicin could not be prepared for 2 patients due to emergency surgery (Table 3 ). In the patient with concurrent colon cancer with formation of intraperitoneal abscess and the patient with aneurysm rupture who had widely extended retroperitoneal hemorrhage, the abdominal wall was temporarily closed using the VAC technique before it was closed in a secondary operation after intraperitoneal infection was controlled. In 11 patients in whom the greater omentum could be used, the graft was covered using the pedicled omental flap ( Figure 4C , Table 3 ). Of the 12 patients in this study, pathogenic bacteria were identified in the operative field in 5 patients before irrigation. By contrast, the amount of bacteria in these patients was markedly reduced after the pulse irrigation (Table 4 ). In addition, pathogenic bacteria were eventually identified in 7 of the 12 patients: group A Streptococcus in 2 patients, Listeria in 2 patients, Enterococcus in 1 patient, Salmonella in 1 patient, and methicillin-resistant Staphylococcus aureus (MRSA) in 1 patient ( Table 2 ).
The mean period of postoperative intravenous antibiotics administration was 20.7 ± 10.1 days and the mean period of oral administration was 29.1 ± 40.2 days (Table 3) . It was noteworthy that in 10 of 12 patients (83.3%), antibiotics administration was ended relatively early, i.e., after 14 days. The mean period of hospitalization from surgery until discharge was 33.8 ± 10.8 days. For postoperative complications, ileus and sepsis resulting from urinary tract infection were observed each in 1 patient. However, both improved within a short time. Eleven patients were discharged and sent home, and the remaining patient was transferred to another hospital for rehabilitation, meaning no patient died during hospitalization (Table 3) . Although 1 patient died from an unrelated cause 6 months after operation, the remaining 11 patients had no reinfection until now and are still alive. Table 4 . Effect of pulse irrigation. +++, Bacteria were detected throughout the whole medium; +, Bacteria were detected in only part of the smear; Few, Less than 5 bacteria colonies were detected; -, Bacteria were not detected
Patient

Discussion
Infected abdominal aortic aneurysm is a rare disease, and its incidence is said to be 0.6%-3.0% [2, [8] [9] [10] . Despite the advances in antibiotics and surgical materials, mortality is reported to be 11%-36%, and the prognosis of the disease is still poor [2, 8, 11, 12] . Reduced immunity of the patient is considered a risk factor for infected aneurysm. Specifically, diabetes, malignant tumors, immunodeficiency, trauma, alcohol poisoning, and steroid administration have been reported [8, 10, 12] . Seven of our 12 patients had these risk factors. Moreover, Oderich et al. reported that 93% of 43 patients with infected aneurysm were symptomatic, and fever and pain were observed in 77% and 65% of patients, respectively [12] . As most of our patients were also symptomatic, patients with abdominal aortic aneurysm that exhibit inflammatory symptoms should be managed based on the suspicion of infected aneurysm.
Traditionally, diagnosis of infected aortic aneurysm dictated that patients must have bacteria detected from the aortic aneurysm wall, surrounding tissue, or blood, as well as clinical findings associated with inflammation [8] . However, in not a few patients who were given antibiotics by former physicians, pathogenic bacteria could not be detected or inflammatory findings were poor. In fact, the probability of detecting bacteria in the wall of the aneurysm or in blood culture has been reported to be around 10%-40% [10, 13] , and the positive rate for preoperative blood culture in this study was only 18.1%. Practically, it is difficult to detect bacteria from blood culture before operation in many cases, especially in patients with rupture or impending rupture, as there is insufficient time for bacteria detection. Meanwhile, a potent basis for diagnosis should be considered when contrast-enhanced CT reveals characteristic findings such as multilobular or saccular aneurysms and increased concentration in the surrounding tissue, or aneurysm diameter that rapidly enlarges in a short time.
Macedo et al. reported that the CT findings of infected aneurysms most commonly revealed saccular and lobular aneurysms, accounting for 93% of all cases, followed by increased concentration in the tissue surrounding the aneurysm accounting for 48% of cases [3] . Considering the results of this study, in which physical symptoms, inflammatory findings, and characteristic CT findings were observed in 92%, 92%, and 100% of patients, respectively, infected aneurysm is a reasonable diagnosis if a patient exhibits the physical or inflammatory symptoms along with characteristic findings by contrast-enhanced CT [2, 14] .
However, it may be difficult to arrive at a diagnosis of infected aneurysm if patients are asymptomatic, have poor inflammatory findings, or have concurrent infection at other sites in addition to an uninfected aneurysm. The usefulness of FDG PET/CT has recently been reported as a diagnostic aid in such patients [15] [16] [17] . The patient in Figure 3 exhibited no physical symptoms or inflammatory findings during the course, only revealing a rapidly enlarging saccular aneurysm that was not present 1 year ago. We then performed FDG-PET/CT in this patient under the suspicion of infected aneurysm from the CT findings and observed FDG accumulation (SUVmax, 6.2) conforming to the aneurysm. Therefore, treatment for infected aneurysm was started immediately, producing favorable results. This patient was eventually diagnosed with infected aneurysm by a postoperative pathological test of the aneurysm wall. Recently, we evaluated the usefulness of FDG-PET/CT diagnosis in 4 patients with infected aneurysm against 8 patients as control, and reported 100% sensitivity and 100% specificity at an SUVmax cutoff value of 3.97 [18] . Although our previous report represents a preliminary evaluation involving a small number of patients, FDG-PET/CT could be a useful test for the diagnosis of infected aortic aneurysm through the evaluation of many patients and for the definition of an appropriate SUVmax cutoff value.
Regarding operation timing, onset is acute and the risk of rupture is high, thus it is considered desirable to perform the operation as early as possible, whereas some are of the opinion that the operation should be performed after the infection is resolved with antibiotics [2, 9] . The biggest and potentially fatal postoperative complication is infection of the graft, and its prevention can influence the outcome [9] . More specifically, emergency surgery without promising infection control will never achieve good results. Therefore, our policy is to treat the patient with antibiotics as adequately as possible preoperatively and improve physical symptoms and inflammatory findings before performing the operation. Of course, prompt surgery should be considered for patients with rupture or continuous pain, or if the form of an aneurysm changes rapidly on imaging. However, in principle, it is recommended that surgery be performed after infection is controlled as much as possible.
Regarding operative procedure, non-anatomical bypass surgery in a clean operative field was once recommended after resection of the infected aneurysm wall and debridement of the surrounding tissue [19] . In contrast, many have reported that favorable results were obtained with in situ anatomical reconstruction [12, 20, 21] . In fact, the mortality of non-anatomical reconstruction is reported to be 25%-42%, whereas that of anatomical reconstruction is around 10%-33%, which still indicates high mortality even though anatomical reconstruction appears to be a superior method of reconstruction [8, 9, 12] . As mentioned earlier, the prevention of graft infection is considered important for improving the surgical results of infected aortic aneurysm, thus ideas such as the use of rifampicin-soaked grafts and covering the graft with the greater omentum have been implemented. Despite this, mortality remains considerably high; therefore, further ideas are required. Although endovascular treatment using a stent-graft has been reported [22, 23] , the premise for endovascular treatment is the remnant of aneurysm tissue. Even though its usefulness in patients in whom preoperative infection control was favorable has been reported, an important issue remains regarding its application to patients in whom infection control by antibiotics cannot be expected [24] .
Graft infection is a rare complication in aneurysm operations in non-infected patients, where graft replacement is performed in a clean field. This means that the key to preventing graft infection in an infected aneurysm must be complete removal of infected tissue from the operative field and in close proximity to a clean field. As infected tissue is strongly adhered to its surroundings, it is very difficult to remove it completely by conventional dissection or resection. Therefore, the role of the irrigation procedure, which is to dilute the remaining bacteria in the operative field as much as possible and to reduce the opportunities for infection, is considered important. In this study, we performed pulse irrigation using a pulsatile irrigation device to remove the bacteria remaining after resection of the aneurysm and surrounding tissue. Pulse irrigation can aid in cleaning contaminated areas with high water pressure and high water volume using irrigation solutions such as saline. As a result, contaminants can be removed in a short time by thorough irrigation as compared with conventional irrigation using a syringe, etc. Currently, this pulse-irrigation method is used in the field of orthopedic surgery [25] . Hargrove et al. reported that it was useful in preventing artificial joint infection after artificial hip joint replacement [26] . However, no report to date has described the usefulness of pulse irrigation in the field of vascular surgery, including in infected aneurysm. In this study, we evaluated the changes in the amounts of bacteria before and after irrigation, and clearly demonstrated that the amount of bacteria in all patients markedly decreased after pulse irrigation. Although a comparison of the surgical outcomes between before and after the introduction of pulse irrigation has not been performed, none of the 12 patients who underwent pulse irrigation had postoperative reinfection, indicating that the pulse irrigation method is highly useful in the elimination of bacteria. Of the several pulse irrigation systems that are currently available, we used the SurgiLav® Plus Irrigation System (Stryker) in this study. This model has a built-in battery, thus can be used as is without requiring a connection to a power source. In addition, the hand-control set contains an outflow nozzle and a suction tube for irrigation solutions, making it possible to perform irrigation and suction simultaneously. With several nozzle tips to choose from, the outflow nozzle can be changed depending on the irrigation site and purpose. As the amount of irri-gation increases, there will be substantial splashing of the discharged irrigation solution. Therefore, tips that are better for local irrigation should be used to prevent bacteria from scattering. The maximum perfusion volume of this model is ca. 1500 mL/min, permitting large-volume irrigation in a short time; thus, we believe that it could lead to reductions in aortic clamp time and surgical time.
As far as ideas for the treatment of infected aortic aneurysm go, measures such as the type of antibiotics and the period of use, the use of antibiotic-bonded grafts, and reconstruction methods have been considered. Nevertheless, discussions on irrigation methods have been limited so far. In practice, there remains room for discussion of the amount and content of irrigation solutions. However, based on the results of this study, we consider pulse irrigation an indispensable technique in the operative procedure for infected aneurysm, and it should be highly recommended. We also believe that there are many areas where it can be useful, i.e., not only in infected aneurysm, but also in peripheral artery bypass surgery in contaminated operative fields, graft infection, etc.
In infected abdominal aortic aneurysms, there have been cases where the entire abdominal cavity was contaminated, such as in patients with concurrent intraperitoneal abscess and rupture. As we acknowledge that infection cannot be controlled sufficiently in such patients even if pulse irrigation were used, we carried out temporary abdominal wall closure using the VAC technique in this study. The use of the VAC technique not only permits the drainage of bacteria that cannot be eliminated by retroperitoneum pulse irrigation and thus are spread in the abdominal cavity, but is also expected to prevent abdominal compartment syndrome in patients with rupture [5] [6] [7] . In fact, the VAC technique of our group has already produced favorable therapeutic results in patients with mediastinitis after cardiovascular surgery [27] . Taken together, and despite the small number of patients in this study, we believe that the VAC technique is useful in controlling infection spread in the entire abdominal cavity.
There is no definite view as yet regarding postoperative administration of antimicrobial agents. Some have reported that the administration period is 6 or 8 weeks [2, 11, 19] , while others have reported lifetime administration [8, 28] . In principle, we administer antibiotics intravenously until postoperative inflammatory findings (fever, white blood cell count, and CRP) improve, followed by the minimum 14-day oral antibiotics administration. As a result, oral administration ended within 14 days in 10 of 12 patients; furthermore, no patient has had recurrence of infection thus far. This period of antibiotics administration appears brief in comparison with that of previous reports [2, 8, 11, 19, 28] , and this may be the benefit of successful infection control resulting from the efficient reduction of bacteria by intraoperative pulse irrigation and the VAC technique.
Conclusions
This study is the first report demonstrating the usefulness of pulse irrigation and the VAC technique in patients with infected abdominal aortic aneurysm. To treat patients with infect-ed aortic aneurysm, we have introduced the pulse-irrigation method using a pulsatile irrigation device into the conventional surgical procedures, which include resection of the aneurysm wall and infected tissue, anatomical reconstruction using a rifampicin-soaked graft, and covering the graft with a pedicled omental flap. Furthermore, we performed temporary abdominal wall closure using the VAC technique concurrently in patients with severe intraperitoneal contamination. As a result of the introduction of these new methods to enhance intra-and postoperative infection control, the lives of all 12 patients were successfully saved. Consequently, this novel treatment strategy for infected abdominal aortic aneurysms is likely to be useful and can be recommended.
